We carry out a comparison between the characteristics of radio frequency-and pulse-sheath near insulating substrates driven by dual frequency (DF) Capacitively coupled plasmas (CCPs) are used extensively in the plasma industry due to their wide applications for etching, deposition, and other surface treatments. For etching processing, both the plasma density in the reactor and ion energy bombarding the electrodes are of extreme importance because the high plasma density leads to high etch rates while ion bombardment energy is vital for improving selective etching and avoiding damaging the product. Nowadays, the restrictions become severer when the device size shrinks with increasing aspect ratio. To meet the demand, it is needed to increase the ion density and control the ion energy arriving at the processing surface. However, when the parameters of the source, such as the input power and operating pressure, vary, then vary both the ion energy and ion density for the traditional CCP device operated by single frequency (SF) power source, usually at 13.56 MHz. At present, DF-CCP has been thought of as an effective tool for the independent control of the plasma density and the ion bombarding energies. On the other hand, the material to be processed is usually insulated, as a result, the continuous ion fluxes incident to the wafer surface will lead to charge accumulation on insulating surfaces which may induce distortion of ion trajectories and the subsequent "notching" effect in etched trenches. Meanwhile, the charge accumulation may reduce the surface potential of the insulator, which inevitably influences the IEDs bombarding the insulating surface. It has been found theoretically and experimentally that radio-frequency and pulse techniques can neutralize the accumulated charge and remedy the surface charging effects effectively.
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Capacitively coupled plasmas (CCPs) are used extensively in the plasma industry due to their wide applications for etching, deposition, and other surface treatments. For etching processing, both the plasma density in the reactor and ion energy bombarding the electrodes are of extreme importance because the high plasma density leads to high etch rates while ion bombardment energy is vital for improving selective etching and avoiding damaging the product. Nowadays, the restrictions become severer when the device size shrinks with increasing aspect ratio. To meet the demand, it is needed to increase the ion density and control the ion energy arriving at the processing surface. However, when the parameters of the source, such as the input power and operating pressure, vary, then vary both the ion energy and ion density for the traditional CCP device operated by single frequency (SF) power source, usually at 13.56 MHz. At present, DF-CCP has been thought of as an effective tool for the independent control of the plasma density and the ion bombarding energies. On the other hand, the material to be processed is usually insulated, as a result, the continuous ion fluxes incident to the wafer surface will lead to charge accumulation on insulating surfaces which may induce distortion of ion trajectories and the subsequent "notching" effect in etched trenches. Meanwhile, the charge accumulation may reduce the surface potential of the insulator, which inevitably influences the IEDs bombarding the insulating surface. It has been found theoretically and experimentally that radio-frequency and pulse techniques can neutralize the accumulated charge and remedy the surface charging effects effectively. [1−3] It is wellknown that the ion energies bombarding the substrate depend on the spatiotemporal variations of the electric field within the sheath adjacent to the substrate and the time-dependent sheath thickness. Therefore, a self-consistent model of the sheath dynamics which can describe the ion dynamics in the sheath is required. Furthermore, because of the significant importance of IEDs, it is vital to correctly predict and compare the IEDs for the both biases. The dynamics models [4−15] have been well developed for DF biased sheaths with absorbing substrates. Recently, Yagisawa et al. [16, 17] proposed a 2f-CCP system, in which a high-frequency pulsed source is employed to sustain high density plasma and a low-frequency radio-frequency bias is used for controlling the incident ion energy. Wang et al. [18] simulated the DF sheath characteristics near the insulator. However, nobody theoretically makes a comparison between the radio-frequency-and pulse-technique operated by DF sources with a self-consistent sheath model.
In this Letter, we use a fluid sheath model to study the structure of collisionless dual radio-frequency-and pulse-sheath at the insulator exposed to a high density Ar plasma, which can self-consistently obtain the self-bias voltage on the electrode. The time-dependent surface potential and sheath thickness as well as spatiotemporal variations of the potential and electron density inside radio-frequency-and pulse-sheaths is compared. Furthermore, the charge density accumu-lated on the surface of the insulator and IEDs bombarding the insulator are compared numerically.
In this study, we consider that dual radiofrequency-or pulse-sources are applied to an electrode on which an insulating substrate is placed as shown in Fig. 1 and only consider one species positive of ion and electrons. Thus, the voltage on the electrode can be expressed as
where V e (t) is instantaneous voltage on the electrode, V L and V H are respectively the voltage amplitudes of the low-and high-frequency source, and the V dc is the self-bias voltage. In contrast to choosing constant self-bias voltage V dc , [16, 17] we consider that the dc self-bias V dc is a function of applied voltage and can be obtained self-consistently by using a current condition as follows. For insulating substrates, the charge accumulated on the substrate surface should consider the sum of the ion current and the electron current
where I i (t ) and I e (t ) are the ion and electron currents, respectively (see Ref. [22] ). The sum of the voltage induced by the accumulated charge on the surface of the insulator is given by
where V s (t) is the voltage on the surface of the insulator, C f = κε 0 A/d f is the effective capacitance of the insulating substrate, κ is the dielectric constant of the insulating substrate, and d f is the thickness of the insulating substrate. Considering the integral of the sum of ion current I i (t), electron current I e (t) and displacement current I d (t) should be zero in one low frequency cycle when the discharge reach the steady state, i.e.
where τ L is the lower frequency cycle. Equation (4) can determine self-consistently the self-bias V dc in Eq.
(1).
The fluid sheath model employed in this study includes the mass and momentum conservation equations for ions, coupled with Poisson's equation for the electric potential. Under the low pressure condition, such as less than 10 mTorr, it is reasonable to neglect collision effects inside the sheath. Also, we can neglect the ion thermal motion effects. Thus, the onedimensional spatiotemporal variation of the ion density, n i , the ion drift velocity, u i , and the electric potential inside the sheath, V , are described by the cold ion fluid equations,
and Poisson's equation is
where m i is the ion mass, e is the electronic charge, ε 0 is the permittivity of free space, and n e (x, t) is the electron density. The electrons can be assumed inertialess and respond to the instantaneous electric field because the electron plasma frequency ω pe is much higher than the high radio-frequency ω H . Thus, the electron density in the sheath is given by Boltzmann's distribution
where n 0 is the plasma density, T e is the electron temperature, and k B is Boltzmann's constant. For solving Eqs. (5)- (7), the appropriate boundary conditions at the plasma-sheath interface should be chosen. At the plasma-sheath boundary, x = d s (t), the ion density and the electron density should satisfy the quasi-neutral condition
In addition, ions enter the sheath with a velocity equal to the Bohm velocity
Finally, we assume that the potential at the sheath edge is approximately zero, i.e.,
and take the value of the potential at the insulating substrate (x = 0) to be
The set of closed nonlinear equations (1)- (8) which determine the spatiotemporal dependence of the dual radio-frequency and pulse biased-sheath with the boundary conditions equations (9)-(12) will be solved numerically by using a finite difference scheme with an iterative process. The iteration is repeated until the solutions converge to a self-consistent periodic steady state.
The density of the argon plasma is set to 1.0 × 10 10 cm −3 , the electron temperature is 3 eV, the area of the insulator is 20 cm 2 , the dielectric constant of the insulating substrate is 4, the thickness of the insulating substrate is 10 −3 cm. The applied voltage of the higher and lower frequency source are 20 V and 40 V, respectively. Considering the frequency range usually used in the pulse plasma, the frequency of the higher and lower frequency source are fixed at 200 kHz and 20 kHz, respectively. The duty ratio of the pulse frequency is 0.5. Furthermore, for convenience of calculations, we use the Debye length λ d , the ion plasma frequency ω pi , the Bohm velocity u B , the plasma density n 0 , and the electron temperature k B T e /e to nondimensionlize the position x, the time t, the ion velocity u i , the ion density n i , and the potential V , respectively. Figure 2 shows the time-dependence of (a) the surface voltage on the insulating substrate and (b) the sheath thickness for the two biases in a lower frequency cycle. It can be seen that the "slow" oscillations are modulated by the lower frequency and the rapid oscillations are modulated by the higher frequency, and the number of rapid oscillations is the ratio of the higher frequency to lower frequency which is similar to the case with absorbing electrode. [14, 15] The spatiotemporal variations of the potential and electron density inside the radio-frequency and pulse sheath for the base input parameters are shown in Figs. 3-4 . It is clear that the potential and electron density show oscillations which are also modulated by combination of the lower and higher frequency. The time-dependence of the surface charge density on the insulating substrate (a) with pulse driven and (b) with radio-frequency driven are shown in Fig. 5 . It is clear that the "surface charging effect" appear much more heavily with a radio-frequency bias than that with a pulse bias. From Figs. 4(a) and 4(b) , one can observe that more electrons can reach the surface in the pulse sheath as the pulse being "off" state so that more charges on the surface of the insulator can be neutralized compared with the situation in the radio-frequency sheath. Therefore, pulse-power techniques can more efficiently reduce the charging effects than radio-frequency ones.
The fluid method can be utilized to simulate the energy distributions of ions impinging on the surface of the insulating substrate. [14, 15, 18] The IEDs are shown in Fig. 6 (a) with radio-frequency bias and (b) with pulse bias. We notice that the IEDs impinging onto the insulating surface have multiple peaks shape for the two kinds of bias. However, their details of the IEDs shape are different. Firstly, the height of the ion energy peaks for the pulse bias are much higher than that for the radio-frequency bias. Secondly, for the radio-frequency bias, the IED has many peaks, and the ions bombard the surface of the insulator with energies ranging from low energies to high energies. For the pulse bias, however, there are four clusters of energy peaks, which indicate that ions bombard the substrate with four kinds of specific energy values and show a discontinuous energy spectrum. It is well-known that a ion final energy depends strongly on the phase of a cycle in which it enters the sheath and the peaks in the IEDs correspond to the minimum and maximum sheath potential drops. [22] Therefore, the shape of the IEDs can be derived from the timedependent sheath potential shown in Fig. 2 . In summary, dual radio-frequency and pulse biased sheath near an insulator have been studied using a self-consistent hydrodynamic sheath model. Some important physical quantities in the sheath are compared numerically. The results show that they behave not only a slow oscillating contour modulated by the lower frequency but also many rapid oscillations modulated by the higher frequency for both biases. In addition, there are significant differences between the IEDs of the two kinds of bias, we can gain much denser ion energy with pulse biased plasma than that with radio-frequency biased plasma. In the future, we will include collision processes occurring in the sheath and simulate the IEDs and ion angular distributions (IADs) on the insulator with the Monte Carlo method.
